Individuals with copy number variants (CNV) in the 16p11.2 chromosomal region are at high risk for language disorders. We investigate whether the extent and location of focal cortical anomalies are associated with language impairment in individuals with 16p11.2 CNVs. High-resolution T1-weighted MRI scans from 30 16p11.2 deletion (16p-del), 25 16p11.2 duplication (16p-dup), and 90 noncarrier controls (NCC) were analyzed to derive personalized cortical anomaly maps through single-case cortical thickness (CT) comparison to age-matched normative samples. Focal cortical anomalies were elevated in both 16p-del and 16p-dup and their total extent was inversely correlated with Full-Scale IQ. Clusters of abnormally thick cortex were more extensive in the 16p-del group and clusters of abnormally thin cortex were more extensive in the 16p-dup group. Abnormally thick clusters were more extensive in left lateral temporal and bilateral postcentral and mesial occipital regions in 16p-del. Focal cortical anomalies in the left middle temporal region and pars opercularis (Broca's region) of children with 16-del were associated with lower scores on a comprehensive language evaluation. Results extend neuroanatomical findings in 16p11.2 syndrome to include spatially heterogenous focal cortical anomalies that appear to disrupt language ability in accordance with the functional specialization of left frontotemporal regions.
Introduction
Individuals with 16p11.2 copy number variants (CNV) are at high risk for neurodevelopmental disorders (ND) such as intellectual disability (ID), autism spectrum disorder (ASD), and speech and language disorders (Kumar et al. 2008; Weiss et al. 2008; Zufferey et al. 2012; Moreno-De-Luca et al. 2013; Hanson et al. 2015; D'Angelo et al. 2016) . However, there is incomplete penetrance and variable expressivity of ND phenotypes; some individuals with 16p11.2 CNVs are asymptomatic and others may show one or many comorbid NDs (Rosenfeld et al. 2013; Stefansson et al. 2014) . Clinical variability in genetic disorders is common, even in Mendelian diseases. The identification of neurobiological factors that contribute to symptom expression can provide valuable information for modeling neuropsychological disease mechanisms. This study aims to determine whether the extent and location of focal neuroanatomical abnormalities in 16p11.2 syndrome contribute to the variable expression of intellectual disability and language impairment.
Gross neuroanatomical abnormalities are commonly found in 16p11.2 syndrome (Qureshi et al. 2014; Maillard et al. 2015) . Deletion of the 16p11.2 region (16p-del) is associated with varying degrees of increased brain volume, including macrocephaly (Shinawi et al. 2010; Qureshi et al. 2014) . Conversely, duplication of the 16p11.2 region (16p-dup) is associated with brain volume decrease, with microcephaly at the extreme (Shinawi et al. 2010; Qureshi et al. 2014 ). The 16p11.2 region is approximately 600 kb and contains 29 genes. Animal models of 16p11.2 CNVs implicate genes involved in corticogenesis such as KCTD13 (Golzio et al. 2012 ) and MAPK3 (Pucilowska et al. 2015) as the primary drivers of the head size phenotype, with dosedependent effects on progenitor cell proliferation. It remains unclear whether progenitor cell dysfunction is global and pervasive or spatially restricted to neighboring progenitors, which might result in patchy cortical abnormalities. Such patchy abnormalities in the frontal and temporal lobes are common in postmortem studies of the ASD brain (Wegiel et al. 2010; Casanova et al. 2013; Stoner et al. 2014) . Focal cortical anomalies could disrupt cognitive networks in accordance with the functional specialization of the affected region, thereby contributing to phenotypic variability. To date, there are no postmortem studies of the human 16p11.2 brain. In vivo neuroimaging can indirectly probe for focal cortical anomalies in people with the 16p11.2 CNV and whether they have a unique spatial distribution across individuals.
Quantitative MRI methods can detect focal cortical malformations, particularly focal cortical dysplasia, with a high degree of sensitivity and specificity (Thesen et al. 2011) . Furthermore, quantitative modeling of cortical surface features and a statistical outlier search can detect dyplastic lesions that are not visually appreciable (Ahmed et al. 2014 (Ahmed et al. , 2015 . The most sensitive feature for detecting MRI-negative, histologically positive dysplastic lesions is cortical thickness (CT) (Ahmed et al. 2014 (Ahmed et al. , 2015 . Here, we apply the same personalized MRI detection approach to individuals with 16p11.2 CNVs, collected through the Simons Variation in Individuals Project (Simons VIP) , the majority of whom did not show focal cortical malformations on radiological review (Qureshi et al. 2014 ). Our hypothesis is that individuals with 16p11.2 CNVs will show a greater extent of patchy CT statistical outlier clusters relative to noncarrier controls (NCCs) and that a larger extent of these CT outliers will be associated with decreased intellectual functioning. We also examine whether the cortical location of these clusters contributes to variable expression of language impairment in individuals with 16p11.2 CNVs. Our hypothesis is that focal cortical anomalies in left hemisphere lateral temporal and inferior frontal areas will be associated with lower performance on standardized indices of language functions.
Methods

Participants
The study was approved by the institutional review boards at each of the following Simons VIP sites: Boston Children's Hospital, Massachusetts; Baylor College of Medicine, Houston, TX; University of Washington, Seattle, WA; Children's Hospital of Philadelphia, PA; and University of California, Berkeley, CA. All participants provided written informed consent before data collection.
Deidentified imaging and phenotypic data from 16p11.2 CNV and NCC participants were extracted from the Simons Foundation Autism Research Initiative Base site (https://sfari. org/resources/sfari-base), a central database of clinical and genetic information about families affected by neurodevelopmental disorders. Data were collected as part of the Simons VIP, a "genetics-first" approach to clinical phenotyping of individuals with the 16p11.2 CNV. Detailed procedures for enrollment in the Simons VIP project are described elsewhere (Simons VIP Consortium 2012; Qureshi et al. 2014 ) and will only be described in brief here. Inclusion criteria for the 16p11.2 CNV group were recurrent breakpoints at BP4-BP5 of 16p11.2 without other pathogenic CNVs or other known genetic diagnoses or syndromes. Exclusion criteria were a lack of English fluency and a history of environmental insults that could affect neurocognitive status, such as fetal alcohol syndrome, severe birth asphyxia, or severe prematurity. Referrals were from clinical genetic centers or testing laboratories, web-based networks, or self-referrals by families. Additional 16p11.2 CNV participants were identified by testing of proband family members.
Clinical phenotyping of individuals with 16p11.2 CNVs was completed at University of Washington Medical Center, Baylor University Medical Center, or Boston Children's Hospital. An extensive neuropsychological test battery was administered to most participants (Simons VIP Consortium 2012) . The presence or absence of DSM-IV diagnoses was determined by clinical psychologist review of neuropsychological test results and clinical history.
A subset of individuals with 16p11.2 CNVs that were at least 8 years of age and able to tolerate MRI completed an advanced neuroimaging protocol at University of California Berkeley or Children's Hospital of Philadelphia. This protocol included T1-weighted MRI scans, resting-state functional MRI, task-based functional MRI, and diffusion-tensor imaging on calibrated scanner platforms. Only the T1-weighted scans from this advanced imaging protocol were utilized for the current study, as the same scanner model was used for all 16p11.2 CNV participants and NCCs, which is necessary for our single case versus control group approach.
Nonfamilial NCCs completed imaging and phenotyping at one of the same 2 core imaging sites as individuals with 16p11.2. Phenotyping of NCCs included chromosome microarray, neurologic exam, a photograph evaluation for dysmorphology, and a clinical psychologist review. Exclusion criteria were genetic abnormalities, dysmorphic features, lack of English fluency, DSM-IV diagnosis, Symptom Checklist 90 (SCL-90) score >62, an axis one psychiatric diagnosis on the Diagnostic Interview for Children, or a family member with a developmental disorder, dysmorphic features, or genetic abnormalities.
Data from the 196 individuals that completed the advanced imaging protocol were extracted from the SFARI Base site: 106 NCCs, 43 16p-del, 45 16p-dup, and 2 individuals with 16p11.2 triplication.
Neuropsychological Test Scores
The Wechsler Abbreviated Scale of Intelligence (WASI) Full-Scale IQ score was used as a measure of general cognitive ability in individuals with 16p11.2 CNVs and NCCs. Language ability was selected as the cognitive domain of interest because (1) language impairment is a common feature of 16p11.2 CNV syndrome with phonological processing and language disorders in 56% and 46%, respectively, of individuals with 16p11.2 deletions (Hanson et al. 2015) , as well as a smaller proportion of individuals with duplications (Rosenfeld et al. 2010) ; and (2) the neuroanatomical localization of language functions is well understood, with convergent evidence from lesion and imaging studies for receptive and expressive language hubs in left frontotemporal regions (Catani et al. 2005; Turken and Dronkers 2011) . Several measures assessed language abilities in Simons VIP participants; however, not all participants were given all measures. The Clinical Evaluation of Language Fundamentals (CELF-4) and Comprehensive Test of Phonological Processing (CTOPP)-Nonword Repetition test were administered to the largest number of subjects; therefore, these measures were chosen as dependent variables to assess global and specific language abilities, respectively. The CELF-4 includes measures of expressive and receptive language abilities. Three CELF-4 composite scores were analyzed: the core language composite score, the expressive language composite score, and the receptive language composite score. The core language composite score is sensitive and specific to language disorders (Semel et al. 2003) . The CELF-4 is validated for 5-21 years old. Data from the CELF-4 was available in participants with 16p11.2 CNVs within this age range but not in NCCs. The CTOPP Nonword Repetition test measures an individual's ability to code information phonologically for temporary storage in working or short-term memory (Wagner et al. 1999) . It is validated for 5-24 years old and was administered only to 16p11.2 CNV participants within this age range.
Image Processing
All analyses were performed on data from the T1-weighted magnetization-prepared gradient-echo image (ME-MPRAGE), acquired using the following parameters: TR = 2530 ms, TI = 1200 ms, TE = 1.64 ms, FA = 7°, 1 × 1 × 1 mm 3 , and FOV = 256 mm. Image files were transferred to a Linux workstation for quality control review and further processing with the FreeSurfer 5.3 software package (http://surfer.nmr.mgh.harvard.edu) and customized Matlab scripts. First level quality control procedures were performed by a blinded technician trained to detect movement artifact and signal drop-off. Scans that passed this first level review were submitted for FreeSurfer reconstruction Fischl et al. 1999 Fischl et al. , 2001 ). Second-level quality control assessed reconstructions to detect errors in subcortical segmentation and delineation of the white matter and pial surface. Reconstructions were edited to correct for segmentation errors and resubmitted. If errors persisted, scans were excluded from further analyses. Image files that passed quality control review were further analyzed to generate CT values at every vertex along the cortical surface. CT is measured as the distance in millimeters between the white matter and pial surface (Fischl and Dale 2000) .
Whole-Brain CT Outlier Maps
CT z-score comparisons (z = x − x − /s) were generated between each child and adult with 16p11.2 CNVs (Fig. 1A ) relative to the entire child (age range: 7-17; 21 males/18 females; N = 39) or adult (age range: 18-63; 28 males/23 females; N = 51) NCC sample ( Fig. 1B) , respectively. Z-scores were generated at every surface vertex. Resulting vertex-wise z-score maps were smoothed (FWHM = 10 mm), z-score thresholded at z ≥ 2, and clusterthresholded at P < 0.05 (Hagler et al. 2006) . Using this method, a whole-brain map of statistical CT "outlier" clusters was generated for each 16p11.2 CNV participant. CT outlier clusters were separated into those that were thicker than NCCs (z-score ≥2) and those that were thinner than NCCs (z-score ≤−2). Similar procedures were performed for each NCC with the exception of removing that NCC from the comparison group before generating whole-brain CT outlier maps.
CT Outlier Burden Statistical Analyses
The total area of all CT outlier clusters across both hemispheres was summed for each participant resulting in a single value (Fig. 1C) . The resulting variable "CT outlier burden" was further broken down into "CT outlier burden-thick" to evaluate the sum total area across of all regions with a z-score ≥2 (thicker than NCCs) and "CT outlier burden-thin" to evaluate the sum total area of all regions with a z-score ≤−2 (thinner than NCCs). These 3 CT outlier burden variables were then compared between the 16p11.2 CNV groups and NCCs. Given a larger proportion of children in the 16p11.2-del group and adults in the 16p11.2-dup group, separate case-control matched samples were generated for group comparison of the 3 CT outlier burden variables (i.e., total CT outlier burden, CT outlier burden-thick, CT-outlier burden-thin). A propensity score based on age and sex was generated for each participant and NCCs were matched one-to-one with 16p11.2-dels or 16p11.2-dups using a nearest neighbor matching system (West et al. 2014 ). Student t-tests and chi-square analyses were performed to ensure similar distributions of age and sex across groups. Due to non-normal distributions of CT outlier burden variables, the Mann-Whitney U-test was used for group comparisons. In order to determine which cortical regions showed group differences, the extent of CT outlier burden-thick and CT outlier burden-thin clusters was calculated for each cortical region, parcellated into 34 regions in accordance with the Desikan atlas (Desikan et al. 2006 ). Spearman's rankorder correlation test was used to investigate the relationship between CT outlier burden variables and general cognitive abilities, as assessed with the WASI Full-Scale IQ score, and language scores, as assessed with the CELF-4 composite scores and CTOPP score. The Benjamini-Hochberg False Discovery Rate (FDR) was used to correct for multiple comparisons.
Results
Sample Characteristics
Quality control procedures excluded 49 participants (16 NCCs, 13 16p-dels, and 20 16-dups). 27 scans were excluded at the first level due to severe motion artifact or missing signal in the frontal and temporal lobes. Overall, 22 scans were excluded at the second level due to persistent failures in FreeSurfer surface delineation after manual editing. This resulted in a sample of 147 participants (90 NCCs; 30 16p-dels; 25 16p-dups; and 2 16p-trips). After generating propensity scores based on participants' age and sex, nearest neighbor one-to-one matching resulted in a sample of 30 16p-dels and 30 NCCs with no difference in age or sex distribution and a sample of 25 16p-dups and 25 NCCs with no difference in age or sex distribution. Due to the small number of 16p-trips, we did not analyze them as a separate study group. See Table 1 for sample characteristics and group comparisons. In addition, there was an insufficient number of individuals in the 16p-dup group with CELF-4 and CTOPP language scores; therefore, the relationship between CT outlier burden and language was evaluated in the 16p-del group only.
Clinical characteristics of the 16p11.2 CNV sample included 7 individuals with intellectual disability (4 16p-dels and 3 16p-dups) and 11 with a DSM-IV language disorder (e.g., expressive language disorder, mixed receptive-expressive language disorder); of these, 10 had 16p11.2 deletions and 1 had a 16p11.2 duplication. There were 18 individuals with a phonological disorder; 17 of these were in the 16p-del group and 1 was in the 16p-dup group. Other DSM-IV diagnoses in the 16p11.2 CNV sample included 10 individuals with autism spectrum disorders (7 16p-dels and 3 16p-dups); 6 with Attention-Deficit Hyperactivity Disorder (5 16p-dels and 1 16p-dup); 4 with mood disorders (1 16p-del and 3 16p-dups); 14 with anxiety disorders (4 16p-dels and 10 16p-dups); 14 with Developmental Coordination Disorder (9 16p-dels and 5 16p-dups); and 3 with a Tic Disorder (2 16p-del and 1 16p-dup).
In order to determine whether scan quality control requirements resulted in a sample bias towards higher functioning individuals, we compared IQ scores and language disorder rates between 2 groups: (1) individuals with 16p11.2 CNVs that were enrolled in Simons VIP but excluded from the current MRI study because they did not complete the advanced imaging protocol or meet scan quality control criteria (N = 95); and (2) individuals with 16p11.2 CNVs that completed the advanced imaging protocol and met scan quality control criteria for our imaging analyses (N = 55). There were group differences in IQ (t = −3.14; P = 0.002), with those that were excluded showing lower IQ scores (mean = 80.84; SD = 19.13) than those that were included (mean = 90.26; SD = 18.1). In addition, there was a higher rate of language disorders in those excluded relative to those included (chi-square = 5.8; P = 0.02).
Group Differences in IQ, CELF, and CTOPP Scores
The 16p-del group had lower age-adjusted Full-Scale IQ scores than their case-matched NCCS (P = 0.00005), as did the 16p-dup group (p = 0.04). The 16p-del and 16p-dup groups did not differ in IQ from each other when directly compared (P = 0.14; see Table 2 ). CELF and CTOPP scores were only available in the pediatric subset from the 16p-del and 16p-dup groups. There was no difference in CELF (P = 0.28) or CTOPP (P = 0.16) scores between the 16p-del and 16p-dup children. Although CELF and CTOPP scores were not available for NCCs, the average ageadjusted standardized scores for both the CELF and CTOPP were 1.5 standard deviations (SD) below the normative sample mean (Wagner et al. 1999; Semel et al. 2003) in the 16p-del group and 1 SD below the normative sample mean in the 16p-dup group (Table 2) .
Group Differences in CT Outlier Burden
16p-del Group Total CT outlier burden was elevated in the 16p-del group relative to the case-matched NCC group (P = 0.01). This difference was driven by a greater extent of focal cortical anomalies that were thicker (z-score ≥2) rather than thinner (z-score ≤−2) than NCCs, as the CT outlier burden-thick score was higher in 16p-dels than in NCCs but there was no group difference in CT outlier burden-thin scores (Table 3) . Although CT outlier clusters were widespread and spatially heterogenous across individuals with 16p-del, there was a greater extent of abnormally thick cortex in the left superior temporal (P = 0.02), left bank of the superior temporal sulcus (P = 0.0001), left postcentral (P = 0.002), left cuneus (P = 0.0001), right superior temporal (P = 0.02), right supramarginal (P = 0.008), right transverse temporal (P = 0.02), right pericalcarine (P = 0.001), right cuneus (P = 0.005), right lingual (P = 0.008), right superior parietal (P = 0.009); and right postcentral (P = 0.002) regions. There was also a greater extent of abnormally thin cortex in the left superior temporal (P = 0.02), left pericalcarine (P = 0.005) and right pericalcarine (P = 0.01) regions. After applying a more stringent FDR threshold to correct for multiple comparisons, there was a greater extent of abnormally thick cortex in the left bank of the superior temporal sulcus, left cuneus, left postcentral, right pericalcarine, and right postcentral regions, as depicted in Figure 2A .
16p-dup Group
Total CT outlier burden was also elevated in the 16p-dup group relative to their case-matched NCC group (P = 0.01). However, an inverse pattern was apparent: CT outlier burden-thin scores were higher in the 16p-dup group relative to NCCs but there was no group difference in CT outlier burden-thick scores (Table 3) . CT outlier clusters were also widespread and spatially heterogenous across individuals with 16p-dup. Comparison of cortical regions revealed a greater extent of abnormally thin cortex in the left superior parietal (P = 0.02), right superior temporal (P = 0.01), and right posterior cingulate (P = 0.01) regions, as well as a greater extent of abnormally thick cortex in the left tranverse temporal (P = 0.003) and right medial orbitofrontal (P = 0.03) region; however, these results did not survive FDR correction.
Correlations Between CT Outlier Burden Extent and General Cognitive Abilities
The total extent of CT outlier burden was inversely correlated with Full-Scale IQ scores in the 16p11.2 CNV group (rho = −0.45; P = 0.001) but not in NCCs (rho = −0.02; P = 0.87). This correlation was large in the 16p-dup group (rho = −0.61; P = 0.003) but small and not significant in the 16p11.2-del (rho = −0.22; P = 0.24) group. The direction of the cortical anomaly (i.e., thick vs. thin) did not appear to strongly influence this relationship. IQ scores were inversely correlated with both CT outlier burdenthick scores (rho = −0.43; P = 0.04) and CT outlier burden-thin scores (rho = −0.36; P = 0.09) in the 16p-dup group, albeit marginally in the latter. These results suggest that a larger extent of focal cortical anomalies in individuals with 16p11.2 CNVs, regardless of the direction of the anomaly, is associated with reduced general cognitive abilities.
CT Outlier Mapping of Language Impairment
CELF-4 Core Language Composite
In the 16p-del group, lower CELF-4 composite scores were associated with a greater extent of abnormally thick cortex in the left superior temporal (rho = −0.46, P = 0.03), left middle temporal (rho = −0.68; P = 0.0004), left temporal pole (rho = −0.57, P = 0.006), right inferior temporal (rho = −0.45; P = 0.04), and right medial orbitofrontal (rho = −0.46; P = 0.03) regions; however, only the left middle temporal region survived FDR correction ( Fig. 2B) . Lower CELF-4 composite scores were associated with abnormally thin cortex in the left middle temporal (rho = −0.45; P = 0.04), left pars triangularis (rho = −0.48; P = 0.02), and left pars opercularis (rho = −0.54; P = 0.002) regions, although only the left pars opercularis region survived FDR correction (Fig. 2B) . The 2 findings that survived FDR correction remained significant after removing 2 left-handed participants from the analyses (left middle temporal region: P = 0.006; left pars opercularis: P = 0.0004). The left pars opercularis survived FDR correction and remained significant when only right-handed participants were analyzed (P = 0.001).
CELF-4 Expressive and Receptive Language Composite Scores
CTOPP Nonword Repetition
In the 16p-del group, reduced CTOPP scores were associated with a greater extent of abnormally thick cortex in the left pars orbitalis (rho = −0.41; P = 0.03), right paracentral (rho = −0.49; P = 0.009) and right posterior cingulate (rho = −0.42; P = 0.03), as well as abnormally thin cortex in the right inferior parietal (rho = −0.57; P = 0.002), right pars orbitalis (rho = −0.44; P = 0.02), and parahippocampal region (rho = −0.47; P = 0.03); however, none of these regions survived FDR correction.
Discussion
Our findings demonstrate that individuals with 16p11.2 CNVs have focal cortical anomalies that are spatially heterogeneous across individuals but occur at higher densities in specific cortical regions. Deletion of the 16p11.2 region was associated with focal regions of abnormally thick cortex, particularly in left lateral temporal and bilateral postcentral and mesial occipitoparietal regions. Duplication of the 16p11.2 region was associated with focal regions of abnormally thin cortex. These findings extend macrocephalic effects in 16p-del and microcephalic effects in 16p-dup (Qureshi et al. 2014) , to include more spatially restricted clusters of abnormal CT that may not be visually apparent on radiological review of MRI scans. We found that an increased spatial extent of these anomalies was associated with decreased intellectual abilities, which suggests a deleterious relationship with cognitive functioning. Within the cognitive domain of language, we found that a greater extent of CT outlier clusters in the left hemisphere middle temporal region and pars opercularis (Broca's area) was associated with reduced scores on a standardized measure of global language abilities in individuals with 16p11.2 deletions. Expressive language deficits were associated with a greater extent of CT abnormalities in the pars opercularis. These findings suggest that mapping of focal cortical abnormalities, even when defined as statistical outliers rather than visually apparent lesions, can provide insight into the relationship between pathogenic CNVs and variable expression of language dysfunction.
Patchy Cortical Anomalies in 16p11.2 Syndrome
In animal models of 16p11.2, several genes in the 16p11.2 locus linked to macrocephalic and microcephalic effects have been found to play an important role in progenitor cell proliferation (Golzio et al. 2012; Pucilowska et al. 2015) . This raises the possibility that proliferative dysfunction could contribute to the development of patchy cortical anomalies that we observed in humans with 16p11.2 CNVs. Progenitor cells may vary in pathogenicity with neighboring cells showing more severe proliferative dysfunction. Radial migration of cells from these pathogenic zones to their cortical destination could result in patches of abnormal cortical cytoarchitecture (Rakic 1988) . Protomap theory suggests that dysfunction in a circumscribed cortical neighborhood could give rise to domain-specific cognitive deficits, in accordance with the functional specialization of that neighborhood (Rakic et al. 2009 ). Alternatively, given the correlational nature of our study, it is also possible that the direction of the relationship between structure and function is reversed, with lifespan experiential factors, such as impoverished language use, impacting cortical structure. Future animal and human tissue studies are necessary to determine mechanisms that contribute to the development of these focal cortical anomalies in individuals with 16p11.2 CNVs.
The Advantage of a Single Case Versus Control Group Approach to Cortical Anomaly Detection
Radiological review of MRI scans from the Simons VIP cohort did not reveal an elevated degree of cortical malformations in the 16p11.2 deletion or duplication subgroup (Qureshi et al. 2014) . However, this does not exclude cortical lesions that may escape visual detection. Small dysplastic cortical lesions are frequently found in individuals with normal MRIs (Frater et al. 2000; Chapman et al. 2005; Wang et al. 2013) . A quantitative approach to individualized lesion detection can identify MRInegative, histopathology-positive, focal cortical dysplasia lesions (Ahmed et al. 2014 (Ahmed et al. , 2015 . Thus, the absence of MRI apparent cortical malformations on radiological review of the Simons VIP sample (Qureshi et al. 2014) does not exclude the possibility that the cortical anomalies we detect with a quantitative approach represent developmental lesions. Regardless of whether CT outliers represent dysplastic lesions, individualized "anomaly" maps offer an alternative approach to assessing the relationship between brain structure and cognition. If structural anomalies are spatially heterogenous within the same disease group, then groupwise averaging of structural metrics at every vertex might "average out" statistical deviations. This could explain why groupwise averaging of CT in prior studies of 16p11.2 syndrome have not produced consistent findings: one study reported CT abnormalities in frontotemporal regions of individuals with 16p11.2 deletions (Maillard et al. 2015) ; whereas, another study did not find CT differences (Qureshi et al. 2014 ). Using voxel-based morphometry, a prior investigation of the Simons VIP dataset found a marginal association between increased gray matter in the left inferior frontal and bilateral superior temporal gyri and decreased performance on the nonword repetition test (Hippolyte et al. 2016) . However, the spatial heterogeneity of abnormal CT clusters at the level of the individual is lost in these groupwise approaches. Our single-case versus control group approach is uniquely informative about the spatial distribution of abnormalities at the single patient level, which might be more easily translatable into clinical practice. For example, if there is evidence for high CT outlier burden in the left perisylvian region of a pediatric patient with the 16p11.2 CNV deletion, this might inform risk of developing language deficits. Although individualized "anomaly" maps have been previously validated for detection of subtle cortical malformations (Thesen et al. 2011; Ahmed et al. 2014 Ahmed et al. , 2015 , results from the current paper provide initial validation for the application of this approach to mapping cognitive deficits. Additional studies are needed to determine whether other cortical surface features such as surface area, volume, local gyrification, or gray-white matter contrast might be used in a similar manner to define outlier regions and to map them to cognitive function.
The Architecture of Language Disturbance in 16p11.2 Syndrome
Language impairment is common in individuals with 16p11.2 deletions and duplications (Hanson et al. 2015) . In a sample of individuals with 16p11.2 deletions that largely overlapped with ours, mean diffusivity in the arcuate fasciculus and auditory radiations was increased relative to controls (Berman et al. 2015) . Increased diffusivity in the left hemisphere arcuate fasciculus was associated with decreased CELF-4 core language composite scores (Berman et al. 2015) . The arcuate fasciculus is the major white matter pathway interconnecting the pars opercularis and middle temporal regions (Catani and Mesulam 2008; Turken and Dronkers 2011; Takaya et al. 2015) , which are the 2 regions that survived FDR correction in our correlational analyses with CELF-4 core language scores. Thus, our findings extend evidence for language network disturbance in individuals with 16p11.2 CNVs to the cortical gray matter projection regions of the arcuate fasciculus. The CELF-4 includes measures of both expressive and receptive language abilities. The left middle temporal gyrus is appreciated as a critical hub for language comprehension (Turken and Dronkers 2011; Pillay et al. 2017) . Expressive language is supported by left inferior frontal regions, including the pars opercularis (Catani et al. 2005) . Analysis of the CELF-4 expressive language composite scores revealed a strong association between anomalies in the pars opercularis region and deficits in expressive language function. There were high rates of articulation disorder and language disorders in the 16p-del group, which is consistent with prior research (Raca et al. 2013; Hanson et al. 2015; Fedorenko et al. 2016) . These results suggest that focal cortical anomalies in the pars opercularis region may be a marker of vulnerability for expressive speech and language deficits in 16p-del syndrome.
Limitations
Participants in the 16p11.2 CNV group were clinically ascertained and therefore may not represent the full phenotypic spectrum of individuals with 16p11.2. The rates of cognitive and behavioral disorders observed in the Simons VIP sample are likely to be higher than what would be observed in random population sampling. An additional sample bias is that individuals with 16p11.2 CNVs were referred for the more advanced imaging protocol if they were able to lie still in the scanner, which may have excluded more severe behavioral phenotypes. Indeed, comparison of those Simons VIP participants that were included in our MRI study to those that were excluded revealed higher IQ scores and lower rates of language disorders. This suggests that our results potentially underestimate the extent of MRI abnormalities present in the broader 16p11.2 CNV population. Finally, strict MRI quality control criteria contributed to a relatively smaller sample size, which may have reduced our power to detect language effects in a broader left frontotemporal region. For example, there were strong correlational effects between language scores and the extent of cortical anomalies in several other left frontotemporal regions such as the superior temporal gyrus, temporal pole, pars orbitalis, and pars triangularis; however, these regions did not survive FDR correction. Larger samples may reveal a broader region of vulnerability associated with language deficits in people with 16p11.2 deletions.
Conclusion
This study demonstrates an elevated degree of patchy cortical anomalies in individuals with 16p11.2 CNVs. These findings add to the literature by showing that in addition to whole-brain macrocephaly and microcephaly effects in 16p-del and 16p-dup syndrome, respectively, there are focal regions of abnormally thick or thin cortex that are spatially heterogenous across individuals. Abnormalities in the left middle temporal and inferior frontal regions were associated with language dysfunction in individuals with 16p11.2 deletions. Statistically abnormal clusters were identified in individuals without visually apparent indicators of focal malformations on MRI. This suggests that a quantitative approach to individualized anomaly detection can provide valuable information for probing the neuroanatomical substrates of cognitive impairment in "MRI-normal" populations. A similar approach might be utilized to investigate neuroanatomical substrates for impaired attention, memory, motor control, or social communication in individuals with 16p11.2 CNVs or other genetically defined populations.
